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By J. SWIFT JOLY, F. R.C.S.
ABSTRACT.-NOrmUa1 urine is always grossly super-saturated in regard to the stone-forming salts, which are kept in solution by the action of the colloids. This action is best explained by the theory of adsorption.
The amount of the stone-forming salts which can be held in solution depends on the surface area of the colloid, and therefore on its state of subdivision. Precipitation of these salts is due to failure of the colloid to hold them in solution. It may be due to an insufficient quantity, but is more probably due to coagulation of the colloid.
When precipitation occurs in the urinary passages, the crystals are usually retained in the lower calyx of the kidney. A crystalline deposit tends to grow into crystalline concretions under the action of surface energy, thus forming true primary calculi. Stones of this type soon irritate the wall of the cavity in which they are contained and cause a reactionary exudate. The laminated stone is formed by continued deposition of crystals, coupled with rhythmic precipitation of a foreign colloid derived fromn the exudate. Stones originating in infected media are formed in a similar mlanner.
IN order to understand the manner in whiclh urinary calculi are formed, it is necessary to describe the mechanism by which the stone-forming salts are kept in solution in the urine, and also the conditions whlich lead to their precipitation in the urinary passages. The third point is tthe transformation of a crystalline deposit into a true calculus.
The urine is not merely a watery solution of a large number of organic and inorganic substances. If it were, it would be grossly super-saturated, and would always throw down a copious deposit containing uric acid and its allied bodies, calcium oxalate, and pliosphates. It is impossible to Imake an artificial urine by mixing the urinary crystalloids in the proportions in which they are normally found. We must look on urine as a solution of certain non-ionizable substances, such as urea and creatinine, together with many ionizable salts. As the latter are in comparatively dilute solution, they are largely ionized. One should therefore look on it as a fluid containing large numbers of positive and negative ions. The l)rincipal positive ions are hydrogen, sodium, potassium, ammonium, calcium and magnesium, while the negative ions are hydroxyl (OH), chlorine, and of -sulphuric, phosphoric, oxalic, and uric acids. These ions tend cGnstantly to interact and to combine, forming the most insoluble salts. In discussing the solubility of urinary salts, one need therefore only consider the most insoluble forms. For example, the solubilitv of the oxalatesis measured by that of the calcium salt, and that of the urates by the acid itself. These salts are in much greater concentration in urine than in any watery solution. Thus, only 0-56 mgm. of calcium oxalate can be dissolved in 100 c.c. of water.
It contains 0-351 mgm. of oxalic acid, so that the maximium amount soluble in 1,500 c.c. of water is 5 26 mgm. Yet the average daily output in the urine is 15 -20 mgm. In other words the urinary concentration is three or four times the maximum obtainable in pure water. In pathological urine the concentration may be much higher. Umber reported a case of oxalic acid poisoning in which the urinary concentration of calcium oxalate was sixty-eight times that of a saturated watery solution, yet the salt was completely held in solution, no crystals being found in the deposit until the urine had stood for several hours. One gram of uric acid requires 25 litres of water at 370 C. for complete solution, yet approximately this amount is passed in the urine every day. If the urine was a simple watery solution, one would have to eliminate anything from 15 -20 litres a day to keep these substances in solution. In addition, carelessness in diet would-be -severely punished. The man who had sweetbreads for dinner would have to eliminate at least five litres of urine during the ensuing night, in addition to the usual quantum. Such a state of affairs would have obvious disadvantages.
The abnormal solubility of the stone-forming salts in the urine is due to the presence of the urinary colloids. This is easily demonstrated by dialysis. If urine is dialysed against a large quantity of distilled water, the salts will pass through the membrane, while the colloids are unable to do so. If the external water is evaporated, a copious deposit of uric acid, calcium oxalate, and phosphates will be thrown down long before the volume is reduced to that of the original urine. One must therefore consider the action of the urinary colloids. A colloid solution is unlike that of a crystalloid; it is not a true solution but more of the nature of a suspension. In a true solution, the solute is broken down to the molecular stage, or when it is ionizable, the molecules themselves are dissociated.
They therefore produce reactions similar to those given by gases. In fact the osmotic pressure of a true solution is simply the pressure that the solute would exert if it were transformed into a gas at the same temperature and volume. On the other hand, a colloid solution is really a suspension of exceedingly minute particles, each containing many molecules. The colloid is not really dissolved, as it is not broken (lown into separate molecules. It does not therefore behave as a gas, but as a solid.
In fact it is best described as a finely dlivided suspension of solid particles. This brings two further considerations to our notice. The first is the surface tension at the interface of the solvent and the particles of the solute, and the second is the surface area of the latter. All colloid solutions have a high surface energy, this being the product of the surface tension and the total area. Any condition which reduces one or both of these factors, reduces the total surface energy.
The phenomenon of surface tension is well known. The surface of a liquid in contact with a gas, a solid, or another liquid immiscible with it, behaves as if it were stretched. This is why rain drops are round, for they then have the smallest surface area possible for the given bulk of fluid. Surface tension is due to the attraction of the molecules of the liquid for each other. It is a purely physical phenomenon, although its value varies enormously from one liquid to another. For example, the surface tension of alcohol is less than half that of water. Any change which lowers the surface tension, whether at the surface of the liquid, or at the interface of the liquid, and a solid, will, ipso facto, reduce the total surface energy. If the surface tension between the solvent and the suspended particles of a colloid solution is lowered, the surface energy of the solution is reduced. Such a change will take place whenever possible, for free energy always tends to become dissipated. I will return to this point when I have discussed the surface area of the colloid solution.
A colloid solution is perfectly clear to the naked eye, or even when examined under the ordinary microscope. However, under the ultra-microscope, the individual particles can be seen as bright discs. This is the usual description, but it is hardly correct, as the bright disc is not the true image, but is due to diffraction, and is many times larger than the. particle. However, they may be recognized by this means. If tht particles are too small to be seen as separate discs they may appear as a faint haze. The smallest particles visible by this means are about 10 ,ku in diameter.1 The smallest objects recognizable with the ordinary microscope are about 100 , p in diameter. It is said that the particles of a colloid solution may have a diameter of only 6 HZu. This extremely fine state of division goes hand in hand with an enormous increase in the total surface area. Joly: The Formation of Urinary Calculi
The following example, from Ostwald, makes my meaning clear. He supposes the mass to be a cube of 1 centimetre. This cube is then subdivided into 1,000 millimetre cubes, and these smaller cubes are again similarly subdivided and so on. The size, number and surface area of these cubes are as follows From this table it is clear that a gram of colloid in a litre of urine may easily have a surface area of between 400 and 500 sq. yd., or about twice the size of a tennis court. It is also evident that, even if the surface tension between the urine and the floating particles of colloid is small, the total surface energy may still be very large. It also shows that if these minute particles coalesce there is a great diminution in the surface area, with a corresponding decline in the total surface energy. This change does take place in the urine, especially if it is allowed to stand for some hours. The suspended particles grow larger and larger for a time, but their complete fusion into a single mass never takes place under normal conditions. The growth of the particles soon ceases and the solution then becomes comparatively stable. The reason why the growth of these particles soon ends is twofold. In the first place, the supply of energy is steadily decreasing; in the second, the inertia of the masses increases with their growth, and the viscosity of the solvent offers greater resistance to their movement. Thus, we have a diminishing force with an increasing resistance. Qnce a colloid solution becomes thus stable, it can remain unchanged for long periods. It is necessary to dwell on this point, as it is the reason why many specimens of urine throw down a deposit on standing.
There are two types of eolloid solutions. The first is a true suspension of particles so fine that they cannot be recognized by the ultra-microscope. They do not increase the viscosity of the solute, but are very sensitive to minute quantities of an electrolyte, by which they are thrown down in an irreversible form. Colloidal solutions of the metals, e.g., colloidal gold, belong to this group. The second type is composed of complex organic substances, such as albumin. These increase the viscosity of the solvent, and at the same time lower its surface tension. If they are free from electrolytes, the solution does not conduct electricity. These colloids have a great affinity for water, and it is probable that they enter into a loose combination with it. Many of them, for example gelatine, have the power of setting into a jelly or " gel." The urinary colloids are of the second type.
The Urinary Colloids.-Although it has long been known that the urine contains a small amount of colloid substances, their nature has been investigated only in recent years, and our knowledge of their composition is still far from complete. They can be obtained by long continued dialysis against pure water. The total amount thus obtained is very variable. Lichtwitz found on an average about 0-8 grams of colloid per litre of urine. The amount is, however, dependent on the diet. It is increased by a diet rich in proteins, especially the proteins of meat. It is also increased in certain diseases, such as pneumonia, and in acute or chronic kidney diseases (Lichtwitz). This refers to the non-albuminous colloids. Mucin, nucleic acid, chondroitin-sulphuric acid, glycogen and a complex carbohydrate containing nitrogen, have been found by dialysis in normal urine; these are all stable substances unaffected by boiling. This is probably the reason why urine preserves its normal solubility after boiling, indeed, in many cases its solubility is increased by ebullition. Another feature is noticeable-they are all carbohydrates, or substances closely allied to the carbohydrate group. Their origin is still unknown, but present evidence rather points to a renal origin. It is probable that they are formed by the epithelial cells of the uriniferous tubules.
" Protective Action of the Colloids."-Since urine is grossly supersaturated compared with a watery solution, it is probable that this abnormal solubility is due to the action of the colloids. German writers describe it as "protective action," and most of them stop short at this point, and do not attempt to explain how colloids can alter the solubility of urine. On the other hand, one may object that supersaturated solutions are well known in chemistry. This is true, but the supersaturated watery solution differs in most respects from the urine type of solution. Watery solutions can be made containing twice or even four times the usual amount of the solute, but they are very unstable. Any foreign body, such as a particle of dust, will cause the whole of the excess to crystallize out. If the urine were such a solution, every desquamated epithelial cell would be thickly coated by masses of crystals, and the whole of the human race-indeed all the higher animals *-would probably be wiped out by calculous disease. The urine is supersaturated to a much higher degree than can be obtained by chemical experiments. Normal urine contains sparingly soluble salts in a concentration ten to twenty times that of a saturated watery solution, and in pathological urine the concentration may be very much higher. Again, if urine throws down a crystalline deposit and the supernatant fluid is filtered off, it will be found supersaturated in respect to the particular salt deposited. For example, a specimen of urine, with a deposit of calcium oxalate crystals, is still supersaturated in respect to this salt. Such a condition is never found in a watery supersaturation, as the whole of the excess is always thrown down. In fact, a favourite method of promoting crystallization in these cases is to add a minute crystal of the dissolved substance, yet the urine will remain supersaturated for an indefinite time in the presence of a mass of crystals.
It has long been known that certain colloids tend to prevent the precipitation of colloidal gold in the presence of an electrolyte. This is the basis of Lange's gold test. A colloid, which prevents the precipitation of the gold solution also increases the solubility of inorganic salts. Lichtwitz employed this test to determine the protective action of the urinary colloids, which he found to be of a very high order.
It has been assumed that the individual particles of the gold solution become coated by a very thin layer. of the added colloid, which protects them from the action of the electrolyte.
Schade believes that the action of the colloids in the urine is analogous to that displayed against the particles of the gold solution in Lange's test, that is, that minute particles are surrounded or enveloped by the colloid. He holds that the insoluble salts of tbe urine are not in true solution, but are in minute " droplets "; he is unable to decide whether these droplets are fluid or solid. He looks upon it as an intermediate state between true solution and precipitation, and calls it " intermediate droplet stabilization." He states that the droplets increase in size until they become visible under the ultra-microscope, and that they remain for a considerable time suspended in the urine. This state is, of course, quite compatible with absolutely clear urine. Being enclosed in an envelope of colloid, salts in this condition should be comparatively immune to changes, such as differences in the H-ion concentration, and Schade claims this to be so in the case of uric acid. Unfortunately, in all his experiments he has used an albuminous colloid, such as fibrine, or egg albumin, which is not present in normal urine. This theory would not only explain the increased solubility of these salts in the urine, but would also account for the crystalline deposits in urine that has stood for some time. However, Joly: The Formation of UJrinary Calculi if these salts were suspended in liquid or solid "droplets," they would not be readily dialysable, as the particles would be too large to pass through the pores in the semi-permeable membrane. As a matter of fact, all the chemical'reactions of urine point towards the supposition that the urinary salts are more or less ionized, which is quite incompatible with "intermediate droplet stabilization." Schade's theory is tempting, but we cannot accept it if it is not strictly in accordance with observed facts. It may be objected that he saw the droplets through the ultra-microscope. He did not see the objects directly, he saw a diffraction effect only, which he assumed to be due to droplets. They may just as easily have been simple masses of colloid, slowly increasing in size as they coalesced, owing to the surface energy of the solution. I feel that we must look elsewhere for an explanation of the abnormal powers of solution possessed by urine.
Adsorption.-If we cannot accept Schade's theory that a thin layer of colloid surrounds or envelopes minute particles or droplets of the crystalline substances, it is probable that the converse of this theory is true, and that the abnormal solubility of these substances is due to their being collected round the colloid particles. According to the laws of surface energy, any condition which lowers the surface tension between a colloid and the solvent, will decrease the total amount of free energy at this surface, and will therefore tend to be set up. It follows that substances which reduce the surface tension in this manner tend to collect round the particles of the colloid. This phenomenon has been called "adsorption" by its discoverer, Willard Gibbs. It is a general law dealing with interfaces of any type, but one need only consider here a special example of its action. The addition of salts to a colloid solution increases the surface tension between the liquid and the air, but as a rule it decreases the tension at the interface between the colloid and solvent. This has been demonstrated when the colloid is a hydrocarbon or carbohydrate, but it is probably true for other types of colloid also. It will be noticed that the greater part of the urinary colloids are either carbohydrates, or bodies containing a large percentage of carbohydrate. It is therefore possible to assume that the urinary salts reduce the surface tension between the urinary colloids and the water of the urine, and are therefore largely adsorbed by the latter. The effect of adsorption is remarkable, in that it causes a great increase in the solubility of the more insoluble salts, while it has little or no action on those that are freely soluble. It has been stated that the apparent solubility of sparingly soluble salts is a thousandfold more in starch solution than in water. It is not known why this-should be the case. It is possibly a question of the valency of the metal. Polyvalent metals are much more active in their interactions with colloids than the monovalent, and produce much more insoluble salts. It is possible that their valency has something to do with the degree to which they are adsorbed. The question of increased solubility due to adsorption has been worked out in chemical and physical laboratories from the point of view purely of the general theory of solutions, and as far as I am aware no work of this nature has ever been done on the urine itself. It is remarkable that it can be applied without the slightest change to give an explanation of the solution of urinary solids. An adsorbed substance does not combine chemically with the colloid, but its molecules adhere to the surface of the latter. As the colloid is in the state of, a solid suspended in water, it may be said that the molecules of the adsorbed substances leave the fluid, and enter the solid phase. They are not therefore in true solution. However, the whole of the dissolved salt is never adsorbed; there is always, no matter how dilute the solution, a portion of it in true solution. Again, an adsorbed molecule must not be regarded as permanently fixed to the colloid. It mav return to the fluid, and its place be taken by another molecule, not necessarily of the same salt. In. this respect they are like the Section of Urology 11 water molecules near the surface of the liquid. They are always in active movement, tnd every now and then some escape into the air, producing water vapour. At the lame time, molecules of water vapour return to the surface, and penetrate through t into the liquid. If evaporation is not taking place, the number of molecules .eaving the water is exactly counterbalanced by the number returning to it. The water is then said to be in equilibrium with its vapour.
Although salts of any kind may be adsorbed by colloids, the amount taken up by a definite quantity of colloid is strictly limited. It is almost certain that the idsorbed substance can never form a layer more than one molecule thick on the surface of the colloid. The amount adsorbed, therefore, depends on the surface s.rea of the colloid. This in turn depends on the state of subdivision, so that any condition which increases the size of the colloid particles, at the same time reduces their power of adsorption. The solubility of the stone-forming salts in the urine depends, therefore, on the state of subdivision of the colloids. If the particles of the latter tend to coalesce, and thus reduce the total surface area, there is a tendency for the sparingly soluble salts to be thrown out of solution. This is probably the reason why some specimens of urine throw down a crystalline deposit on standing, and yet remain supersaturated as regards the precipitated salt. In other cases it is possible to increase the surface -area of the colloid by boiling the urine. In such cases its power of solution is increased. The best example of this is found in urines which deposit acid urate of soda on cooling. These urines always give a small " gold number." If they are boiled and cooled the precipitate does not return in most cases, but it does in a few. Lichtwitz examined a large number of these urines before and after boiling; in fifty-seven, in which there was no return of the deposit, the " gold number " increased from two-to tenfold, while in eighteen in which the deposit reformed on cooling, boiling had no effect on the "gold number." Boiling often prevents a deposit of uric acid forming after acidifying the urine, while in other cases it retards its appearance. Up to this, I have assumed that molecules of the sparingly soluble salts were adsorbed; it is much more probable that certain ions and not molecules are adsorbed. However, it is largely a matter of academic interest, as the result is the same. Colloid solutions show feeble electrical reactions. Most of them are electro-negative. Mathews has shown that this applies to glycogen, starch, nucleic acid, and many lipoids. It is probable that the urinary colloids not in this list are also electronegative. If this is so, they would attract positive ions to their surface. Their electric charge is not sufficient to satisfy the positive charges on the ions, so they, in turn, would attract negative ions. In this way a double layer of ions would surround each colloid particle, and the net result is the same as if complete molecules were adsorped.
Adsorption is of great use to terrestrial animals, as it enables them to conserve water. If urinary excretion were a mere process of filtration, it would be necessary to eliminate 67 litres of fluid to get rid of the nitrogenous waste normally contained in one litre of urine (Cushny). This figure is obtained by comparing the urea concentration in the blood and urine. By the absorption of fluid in the uriniferous tubules, the kidney has concentrated this vast amount of fluid into a reasonable amount, but in so doing, it enormously increases the work it has to perform. It has to concentrate the urine against an ever increasing osmotic pressure, and at the same time it has to find a means of conveying the sparingly soluble salts out of the body in a state of solution. It accomplishes this latter task by means of the colloid mechanism just described. The osmotic pressure of concen-trated urine is enormous. According to Ambert, a cat fed on meat, given unlimited water to drink, excretes 10-15 per cent. of urea in the urine. Now a 12 per cent. solution is twice the strength of a molar solution, and therefore has an osmotic pressure of 44 * 8 atmospheras, or about 672 lb. to the square inch. This is about three times the steam pressure of a first-class locomotive. If the osmotic pressure of the salts is added, the total osmotic pressure of the cat's urine must be somewhere about 1,000 lb. to the square inch, yet the renal epithelium of this animal can overcome this enormous pressure. It is a curious fact that both dogs and cats habitually pass urine at approximately the maximum concentration, and so lose the minimum quantity of water. In man the maximum urea concentration is about 5 per cent. This means that we habitually eliminate about twice as much water as is really necessary. In this way the osmotic pressure that the kidneys have to overcome is kept comparatively low, and at the same time the kidneys are able to compensate for excessive losses of water through sweating, etc., by increasing the concentration of the urine.
Here it may be interesting to cast a glance at the functioning of the kidneys of the lower animals. As far as we know, molluscs and crustacea eliminate most of their nitrogenous waste as uric acid or guanin. Uric acid forms the greater part of the exereta of insects. In fishes and amphibia its place is taken by urea. These animals obviously never had any need to conserve water, and their urine is exceedingly dilute. The only chemical examination of fish urine I know of, gave a urea concentration of less than one part in a thousand, while frogs excrete their own volume of urine every day. When we come to reptiles, and their descendants, birds, we find that they have reverted to the primitive type of excretion, and eliminate their nitrogenous waste in the form of uric acid, or more strictly speaking, urates. Reptiles first appeared in the Permian era-at least these are the earliest rocks in which their remains have been found. The Permian immediately followed the Carboniferous era. Geological evidence indicates that in the lower Carboniferous era, the land was low and marshy, and that large tracts were under shallow seas. These conditions favoured amphibian life, and in the rocks of this era the remains of the first amphibians were found. The later part of the Carboniferous and the whole of the Permian ages were times of " emergence and mountain-building." The earliest terrestrial animals, primitive reptiles, appeared in this era, and their remains have been found in the rocks belonging to it. The amphibia of the lower Carboniferous times were stranded high and dry by the elevation of the land, and had to adapt themselves to dry and arid conditions in order to survive. It was, therefore, most important for them to conserve water. One of the means adopted was to secrete solid urine. Birds and reptiles excrete watery urine from their kidneys, but the water is all absorbed in the cloaca and the lower end of the bowel. If they continued to excrete their waste nitrogen in the form of urea, it would be impossible for them to eliminate solid urine. Urea is exceedingly soluble, and as its solution becomes concentrated, the osmotic pressure rises enormously. The epithelium of the cloaca and lower bowel would be unable to concentrate the urine to dryness, against this pressure. By returning to the primitive form of excretion, and eliminating their nitrogen as uric acid, they overcame this difficulty. Uric acid is very insoluble, and when the urine became concentrated, it was thrown out of solution, and therefore could not exert any osmotic pressure, so that the animal was able to concentrate the urine to dryness. This remarkable change is an excellent example of the power of external environment to change the internal mechanism of the body. It is possible that if these primitive reptiles had not survived the comparatively sudden changes from semi-aquatic to arid conditions, terrestrial life would have been postponed until after the next period of submergence, that is, until after the Cretaceous era. When terrestrial life was firmly established, urea once more became the means of eliminating the nitrogenous waste. This meant a return to the elimination of watery urine, but special methods were at the same time evolved to prevent an excessive waste of water. The urinary colloids play the principal r6le in preventing this waste, as they increase the apparent solubility of the urine for sparingly soluble substances. There must be a decided advantage in eliminating nitrogen in the form of urea as compared with uric acid, as otherwise the latter substance would not have been abanidoned twice in favour of the former.
The Formation of Urinary Deposits.-One must recognize two forms of urinary deposits. They are the early and the late. A late deposit is usually formed after the urine has been passed, and is due to coalescence of the colloid particles. Their total surface is reduced, and they can no longer hold the whole of the crystalloids in solution. In these cases only an excess of the crystalline substances is deposited, and the urine remains supersaturated with regard to them. Changes of this nature may be associated with apparently perfect health, but these patients always give a small " gold number." On the other hand, an individual with a good " gold number" rarely shows any tendency to form late urinary deposits, unless his urine has become contaminated by bacteria after elimination. I have kept specimens of normal urine, under aseptic conditions, for as long as six months, and at the end of that time was unable to find any crystals on centrifuging it. However, such cases are comparatively rare. Most specimens of urine throw down a small deposit after they have been kept for some time. It is obvious that these late deposits can have nothing to do with stone foundation, as they form only after the urine has been .evacuated, but they form a connecting link between perfectly sound individuals and those in whom stone formation is possible.
We know practically nothing of the causes underlying the formation of crystalline deposits within the urinary organs when infection is not present. It is possibly due to a massive coagulation of the colloids, to their precipitation, or to some chemical change in their constitution. In any case it is much safer to say that we are completely ignorant of them. All that we can say is that the formation of such deposits must precede the formation of a stone, although stone formation is a comparatively rare sequelhe of this condition. Many individuals pass crystals of calcium oxalate in their urine every day for years without developing a calculus. At the same time they are always in the danger zone. As long as the crystals are eliminated in the urine no harm can result, but if some are retained they may form nuclei for true calculi.
The Retention of Crystals.-It is obvious that stones will only tend to form in situations where the crystals can be retained in the urinary system, so that if we know where they are retained we also know where primary calculi originate. Lichtwitz assumes that they may adhere to the lining epithelium of the urinary tract, and points out that if there is a difference in surface tension between the urine and the urinary epithelium they will tend to be deposited on the latter. He states that such a difference may be produced either by changes in the epithelium or by changes in the urine itself. The former condition is observed in cases of encrustation. A deposit of urinary salts, usually of phosphates, is frequently found on new growths, on ulcers and on foreign bodies. There is certainly a difference of surface tension between the urine and the altered epithelium of a new growth, the surface of an ulcer, or of a foreign body, but there is none between normal urine and an intact urinary epithelium. Lichtwitz, therefore, assumes that stone formation must be preceded by a change in the urine itself. There are two objections to this hypothesis. The first is that no urinary change of this nature has ever been observed, and the second is that if this change did occur, primary calculi could be formed in any part of the urinary tract. As a matter of fact they are formed in the kidney only. I feel that this theory does not agree with clinical observation, and must therefore be abandoned.
I think that the retention of urinary crystals can be explained on anatomical grounds, without assuming any change in the urine or in the surface epithelium of the urinary tract. The crystals are always heavier than the urine, and sink to the bottom of the vessel containing it. It may be said that crystals of uric acid often adhere to the sides of the urine glass, but this is due to surface tension, and if they are displaced they sink to the bottom. The lower calyx of the kidney is well below the level of the upper extremity, of the ureter. It is drained at its highest point. If a collection of urinary crystals is formed, or comes to lie in it, it will sink to the bottom, and there is little chance for the crystals to escape. It may be argued that they might be washed out by the urinary stream, but a moment's consideration will show that is much too sluggish. The average daily excretion of urine is 1,500 c.c., that for one kidney is therefore 750 c.c. If we assume that the lower calyx drains a third of the kidney, only a little more than 240 c.c. passes from it into the renal pelvis in twenty-four hours, that is about three drops a minute. Such a sluggish stream would be quite unable to wash crystals out of the cavity. Even if the rate of flow were ten times the normal, they would probably still remain undisturbed. From clinical grounds we have additional evidence that stones are frequently formed in this locality. In a series of 167 operations for renal calculus performed in St. Peter's Hospital recently, in eighteen cases the stone was lodged in a calyx from which it could not escape. It was once found in the upper calyx, twice in the middle, and fifteen times in the lower. The stone in the upper calyx was a recurrent calculus, and it is probable that at the previous operation a small fragment was displaced into this calyx, and was unable to escape from it. One of the cases of stone in the middle calyx occurred in a soldier, suffering from a compound fracture of the femur, who had been immobilized on his back for over a year, while the second stone was a secondary calculous in a tuberculos kidney. Apart from the renal pelvis, the lower calyx is the most common site for renal calculi. The question of renal drainage is of interest. I have already stated that the lower calyx is not drained at its lowest point when the individual stands erect. The whole of both pelvo-calyx systems is ill-drained while he is lying on his back. The uppermost kidney only, is drained at its most dependent point when he is lying on his side, while the only position in which both kidneys are completely drained by gravity is the prone position. This is probably one of the reasons why stone in the kidney is so common after immobilization. I feel convinced that the lower calyx is by far the most efficient trap for urinary crystals in the whole of the urinary system, and is the place where most primary stones are formed.
The next step is a discussion of the mechanism by which a mass of crystals becomes a true calculus, but before entering into it, I will define "primary" and "secondary " calculi. Primary and Secondary Calculi.-It is usually stated that a primary calculus is one formed in an apparently healthy urinary tract, while a secondary calculus is the result of some change, inflammatory or otherwise, in the urinary organs. This definition is perfectly correct, if we adhere strictly to it, but we are much too apt to assume that infection is essential to the formation of secondary calculi. In my opinion, a primary calculus may take on secondary characteristics long before the advent of sepsis, and I make this assertion on account of the marked differences in the physical structure and chemical constitution of the two types of calculi. There is nothing new in this distinction; Ebstein described it more than forty years ago, although he apparently assumed both to be primary. He describad the laminated and the irregular crystalline types of stone. I believe that the latter are true primary calculi and the former really secondary. True primary calculi (Ebstein's second type) are formed of masses of urinary crystals irregularly disposed, without regular concentric lamination, and often without radial striation. They contain a minute amount of colloid substance, which appears to be non-albuminous, and is probably derived from the normal colloids of the urine. On the other hand, laminated stones (Ebstein's first type) are composed of alternate layers of compact and spongy " tissue." In the compact layers the urinary crystals are closely packed together, and usually lie in a radiating position, like the spokes of a wheel, while in the spongy layers they are disposed irregularly, and the spaces between them are filled with colloid material. These stones usually show definite radial striation in addition to the concentric lamination. The colloid material is chiefly collected in the spongy layers, but a little is also found in the compact. The total amount of colloid is much greater than in the first type of calculus, and also it is of an albuminous nature. This indicates that it is not a normal constituent of the urine. I can offer two definitions illustrating the difference between primary and secondary calculi, both of which I believe to be correct: (1) A primary calculus is entirely formed of substances found in the urine from which it originates, while a secondary stone requires the addition of a foreign colloid; (2) a secondary calculus is one that is developed on a pre-formed nucleus, while a primary calculus has none. Schade fully recognizes these two types. 'He calls the irregular crystalline type of Ebstein (true primary stones in my definition), " pure crystalloid stones," while the laminated calculi (secondary calculi) are described as " colloid-crystalloid stones," or briefly, as " ordinary " stones. If the classification I have suggested is accepted, it means that the group of primary calculi must be very much reduced in number. Most, if not all, stones formed in aseptic urine have a nucleus, usually not more than 3 or 4 mm. in diameter, which correspouds to a primary calculus in my sense, while by far the greater part of the stone is secondary.
Primary stones are only composed of uric acid, urates, xanthine, calcium oxalate, and cystine. They are usually small, as by the time they are more than a few millimetres in diameter, they give rise to sufficient irritation to cause an exudate of serum or blood from the wall of the cavity in which they lie. This exudate is the origin of the foreign colloid, and once it is deposited, the stone becomes laminated, and takes on the characteristics of a secondary calculus. The Formation of Primary Calculi.-If a collection of crystals is immersed in a solution of the same salt, it is found that the larger crystals tend to grow at the expense of the smaller. The large crystals increase in size, while the small ones grow still smaller, and may ultimately disappear. This is in strict obedience to the law of surface energy, as in this way the total surface area of the crystals is reduced. The maximum reduction of the surface area is only obtained when the crystals are aggregated into a single spherical mass. As a rule, in pure watery solutions, gi-ant crystals are formed. Changes of this nature can take place without the formation of fresh deposits, so that there must be an actual transference of material from the small to the large crystals. If a collection of urinary crystals is retained in the lower calyx, it is probable that a similar change takes place, and that the larger grow at the expense of the smaller. Giant crystals are, however, not formed, as the urine contains colloids which tend to envelop the crystals, but we get instead, masses formed by the agglutination of several crystals. The " rosettes " of uric acid, often found in urinary deposits, are examples of this condition. Once two or more crystals become agglutinated together, a definite crystalline nucleus is formed, and its further growth is largely automatic, as more crystals will be deposited on them. The resulting mass will remain more or less spherical to keep the surface area as small -s possible. At first their growth is very slow, one reason for this being that their surface is small, and consequently in contact with only a minute quantity of urine; another, that they lie off the main stream of urine, and the supply of fresh dissolved salts is only slowly renewed. They can only obtain their crystalloids from about a sixth of the total urine excreted, and on account of their small size they can only utilize a minute proportion of the total supply. Each crystal soon becomes covered by an exceedingly thin layer of colloid material. As a matter of fact, all urinary crystals have this covering, and this is probably the reason why they never grow to a large size. The colloid covering cements them together, and in this way an irregular composite mass of crystals is formeda true primary calculus.
It is almost certain that only a very small proportion of these " microliths," as they have been called, ever develop into calculi large enough to be recognized as such. Most of them are washed away in the urinary stream long before they reach this size. I believe that position has much to do with their elimination. When a person lies on one side, the upper kidney is fully drained, and minute concretions are easily washed out of any calyx, but there is yet another factor to be considered. Large crystals in a watery solution tend to grow at the expense of the smaller; similarly, large aggregates of crystals in the lower calyx tend to increase more rapidly in size than the smaller, and the difference becomes more and more marked as time goes on. Now the large aggregates may even assist the small to escape. The renal pelvis and calyces are really only potential cavities; their anterior and posterior walls are normally in apposition. The urine can escape down the ureter as quickly as it is excreted, so that the renal pelvis is never distended under normal conditions. In addition, the 'anterior wall is pressed against the posterior by the intra-abdominal pressure. Now, if a collection of minute calculi, all of the same size, are in a calyx, they are more or less held in position by the intra-abdominal pressure; but if one of these concretions is much larger than the others, it will hold the walls of the cavity apart, and allow the small masses to escape. It is easy to reproduce this:-If a number of grains of shot are placed between the pages of a book, which is then closed and held vertically, they do not fall out, as they are held in position by the pressure exerted by the pages of the book. If, however, a pea is inserted together with the shot, the pages are held apart, and most of the shot will fall out if the book is held vertically. In this way a large concretion will facilitate the escape of others, unless it happens to occlude the ureter. This is a possible explanation of the frequency with which single stones are found in the kidney.
Formation of Secondary Calculi.-Once a primary stone is formed it tends to grow, and if it does not irritate the wall of the cavity in which it lies, it may attain a considerable size. (As a matter of fact the largest stones of this type are composed of uric acid or of cystine, both of which are comparatively non-irritating.) Sooner or later, it produces a reaction on the part of the epithelium, which is shown by an exudate of serum or blood. A few red blood-cells are usually present in the urine, even when the stone is comparatively small; they are the most obvious sign of the reaction of the tissues. Schade explains the formation of these stones by a precipitation of both colloids and crystalloids, and has even demonstrated the possibility of altering the density of his artificial concretion by altering the relative proportions of the colloid and crystalloid. His method was to mix blood-plasma with freshly precipitated salts, such as calcium phosphate, and then to add fibrin ferment; in the coagula, the inorganic salts were enclosed. Kleinschmidt has severely criticized this method, and has remarked that his artificial concretions " do not in the least resemble urinary calculi." Schade is probably right when he ascribes the formation of laminated stones to a " rhythmical precipitation of colloid and crystalloid," but he does not say how it is brought about. There is, however, a simple and obvious explanation:-If a primary stone irritates the wall of the cavity in which it lies, it produces an exudate of blood or serum; the blood-colloids tend to precipitate on its surface, as it acts as a foreign body. This precipitation would be fairly rapid and, if the deposit of crystals was uniform, the stone would be covered with a rather spongy layer, composed chiefly of colloids, but containing a small proportion of crystals. Its surface would tend to become smoother and less irritating, and consequently the exudate would diminish in amount, and the colloid would be precipitated at a much slower rate. During this period the proportion of crystals to colloids would be raised, and this layer of the stone would be denser and more crystalline. The irritation would then be greater, and the amount of exudate would be increased, so that a spongy layer would be laid down again. I assume that the deposition of crystals is fairly uniform, which is natural, as it depends on the amount of stone-f6rming substances in the urine, while the supply of foreign colloid waxes and wanes according as the stone has a smooth or a rough coating. A definitely laminated stone consisting of alternating layers of dense and spongy material could easily be formed in a manner such as I have just described. Stones composed of the same substance often show a great difference in their surface appearance. Some are quite smooth, while others are rough and crystalline. It is just possible that they were in different phases of development when they were removed. This applies chiefly to large uric acid calculi. On the other hand, stones composed of calcium oxalate are always exceedingly irritating, and the concentric lamination is much less clearly defined in them than in other varieties.
A stone which originates in a septic medium is developed similarly. Its nucleus is usually composed of a mass of epithelial or pus cells, or some other foreign body.
The inflammatory exudate provides the foreign colloid, which is always present in excess, and which is deposited on the nucleus. The crystalloids are deposited at the same time, and are intermingled with the colloid. These stones have a much greater proportion of colloids than calculi growing in an uninfected medium, hence concentric lamination is not so well marked, and they are softer and more friable than uninfected stones. In both types, the manner in which they are originated and developed is the same, the differences in the resulting calculi are due to differences in the nature and quantity of the colloids, and also to differences in the chemical composition and physical properties of the crystalloid. For example, calcium phosphate is precipitated in an amorphous form in neutral or alkaline media, but in a crystalline form when the medium is acid.
